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Introduction {#sec001}
============

Telomere is a specific DNA/protein structure localized at the end of linear chromosomes. In human cells, telomere is consisted with repetitive "TTAGGG" DNA sequences and telomere binding proteins termed shelterin complex, which prevents unnecessary degradation and activation of DNA damage response (DDR) at telomeres \[[@pgen.1008799.ref001]\]. Shelterin complex comprises of six distinct proteins, disruption of shelterin complex or inhibition of its subunits induces telomere dysfunction, which can lead to either apoptosis or senescence \[[@pgen.1008799.ref002]\].

As a key component of shelterin complex, TRF2 and TRF1 play an essential role by directly associating with double-stranded telomeric DNA, thus providing a vital platform for recruitment of additional shelterin proteins as well as non-shelterin factors crucial for the maintenance of telomere length and structure \[[@pgen.1008799.ref002]\]. TRF2 is required to prevent ATM-mediated activation of DDR at telomeres likely through promoting the formation of t-loop, a structure that sequesters telomere terminus \[[@pgen.1008799.ref003]\]. Loss of TRF2 results in telomere uncapping, leading to activation of DDR and accumulation of DNA damage factors at telomeres \[[@pgen.1008799.ref004]\]. Ku70/80 are thus loaded onto open telomeres and initiate c-NHEJ, resulting in chromosome end to end fusion \[[@pgen.1008799.ref005]\]. TRF1 mainly functions to facilitate the replication of telomeres, which pose a challenge for progression of replication fork due to the repetitive G-rich sequences of DNA \[[@pgen.1008799.ref003]\]. Upon TRF1 deletion, cells display replication defect in telomeres and fragile telomeres that are characterized by multiple signals at single chromatid end \[[@pgen.1008799.ref006]\].

Despite of the importance of shelterin proteins in end protection and replicative cell senescence, very little is known on the regulation of their expression. Prevailing paradigm is that shelterin protein is ubiquitously expressed to protect telomeres in all tissues. Recent studies challenge this view by showing that expression of shelterin components, notably TRF2 and TRF1, are strictly regulated. For instance, *in vivo* stoichiometry demonstrated that TRF2 and TRF1 are sufficiently abundant to cover all telomeric DNA \[[@pgen.1008799.ref007]\]. While transcription factor Sp1 and β-catenin activate TRF2 transcription \[[@pgen.1008799.ref008], [@pgen.1008799.ref009]\], microRNA miR-23a and miR-155 suppresses TRF2 and TRF1 translation by targeting 3\' UTR of their transcripts, respectively \[[@pgen.1008799.ref010], [@pgen.1008799.ref011]\].

The switch/sucrose nonfermentable (SWI/SNF) complexes belong to ATP-dependent chromatin remodeling complex, and have been conserved from yeast to humans. These complexes use the energy from ATP hydrolysis to remodel chromatin, impacting a variety of biological processes including gene transcription, DNA replication and DNA damage repair \[[@pgen.1008799.ref012], [@pgen.1008799.ref013]\]. In mammalian cells, SWI/SNF complexes are comprised of one of two mutually exclusive catalytic ATPase subunits BRM (SMARCA2) or BRG1 (SMARCA4) with a set of high conserved subunits (SNF5, BAF155 and BAF170), and other variant subunits \[[@pgen.1008799.ref014]\]. Disruption of SWI/SNF function has been associated with tumorigenesis, as inactivating mutations in SWI/SNF subunits are often identified in a variety of cancer cells \[[@pgen.1008799.ref013]\]. Previously, we revealed that BRG1-SWI/SNF chromatin remodeling complex is engaged in telomere length maintenance of human cancer cells by regulating hTERT expression \[[@pgen.1008799.ref015]\]. Whether and how BRM-SWI/SNF complex plays a role in chromatin end protection is largely unknown.

In this study, we reported that depletion of BRM-SWI/SNF complex results in telomere dysfunction phenomena, including activation of ATM, appearance of telomere dysfunction induced foci (TIF), telomere replication defect and a rapid telomere loss and/or chromosome end to end fusion. Because BRM-SWI/SNF chromatin remodeling complex did not affect heterochromatin state of telomeres, we suspected that BRM-SWI/SNF may regulate the expression of shelterin proteins. Indeed, it is revealed that BRM is recruited to the promoter of TRF2 and TRF1 and BRM depletion reduces mRNA and protein level of TRF2 and TRF1. Compensatory expression of exogenous TRF2 and TRF1 rescues dysfunctional telomeres and replication defect induced by BRM depletion. These results support that BRM-SWI/SNF remodeling complex is required to transcribe sufficient TRF2 and TRF1 for ensuring functional telomeres. BRM-SWI/SNF also represents a new mechanism by which one factor jointly regulates the expression of multiple genes with similar function.

Results {#sec002}
=======

Genome instability and cell apoptosis induced by BRM depletion {#sec003}
--------------------------------------------------------------

To evaluate the function of SWI/SNF chromatin remodeling complex in maintaining genome stability, BRM, a key ATPase subunit in SWI/SNF complex, was depleted by siRNAs in immortalized fibroblast VA13 cells and human cervical cancer HeLa cells, representing ALT (Alternative lengthening of Telomeres) and telomerase positive cells, respectively ([Fig 1A](#pgen.1008799.g001){ref-type="fig"}). Micronuclei are considered as a marker of genomic instability potentially induced by unrepaired DNA breaks that result in genomic remnants failing to segregate during cell division \[[@pgen.1008799.ref016]\]. Our results showed that knockdown of BRM leads to significant increase of micronucleus in both VA13 and HeLa cells ([Fig 1B--1D](#pgen.1008799.g001){ref-type="fig"}), indicating genome instability induced by BRM depletion. The same result was obtained when SaoS2, HepG2 and BJ fibroblast cells were used, indicating that observed phenomena are not cell type specific ([S1 Fig](#pgen.1008799.s001){ref-type="supplementary-material"}).

![BRM depletion induces genome instability and cell apoptosis.\
(A) Western blot showing depletion of BRM in VA13 and HeLa cells by siRNA. (B) Detection of micronuclei in BRM-depleted VA13 and HeLa cells. (C) Quantification of the micronuclei of VA13 cells in (B), the fraction of cells with micronuclei were calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 200 cells), \*\*\*P \< 0.001. (D) Quantification of the micronuclei of HeLa cells in (B), the fraction of cells with micronuclei were calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 100 cells), \*\*\*P \< 0.001, \*\*\*\*P \< 0.0001. (E) Proliferation of control and BRM-depleted cells in VA13 cells. (F) Proliferation of control and BRM-depleted cells in HeLa cells. (G) FACS analysis of apoptotic cells in control and BRM-depleted VA13 and HeLa cells. (H) Quantification of the apoptotic ratio of VA13 in (G). Data represent the mean ± SEM of three independent experiments, \*P \< 0.05, \*\*P \< 0.01. (I) Quantification of the apoptotic ratio of HeLa in (G). Data represent the mean ± SEM of three independent experiments, \*\*\*P \< 0.001, \*\*\*\*P \< 0.0001.](pgen.1008799.g001){#pgen.1008799.g001}

In addition, we also observed that BRM-depleted cells display slowed or stopped proliferation ([Fig 1E and 1F](#pgen.1008799.g001){ref-type="fig"}). Meanwhile, increased percentage of apoptotic cells was detected by FACS analysis in both BRM-depleted VA13 and HeLa cells ([Fig 1G--1I](#pgen.1008799.g001){ref-type="fig"}). These results indicated that BRM-SWI/SNF complex is critical for maintenance of genome stability and for cell proliferation/survival.

BRM deficiency induces dysfunctional telomeres {#sec004}
----------------------------------------------

Telomere is a key element at the end of chromosome to safeguard the genome stability \[[@pgen.1008799.ref001]\]. We thus investigated whether BRM deficiency affects the end protection function of telomeres. Because SWI/SNF complex acts to remodel chromatin structure, we suspected that depletion of BRM may change the state of heterochromatin, which is important for telomeres functioning to protect chromosome ends. Using micrococcal nuclease assay followed by hybridization with telomeric probe, we demonstrated no difference in size and distribution of nucleosome ([Fig 2A](#pgen.1008799.g002){ref-type="fig"}), indicating that BRM-SWI/SNF complex may not safeguard genome stability through ensuring heterochromatin at telomeres, as another chromatin remodeling complex NoRC does \[[@pgen.1008799.ref017]\].

![Activation of DNA damage response at telomeres in BRM-depleted cells.\
(A) Condensation of telomere chromatin was determined by micrococcal nuclease assay. (B) IF-FISH detection of γH2AX foci in control and BRM-depleted VA13 cells. (C) Quantification of (B). Data represent the mean ± SEM of three independent experiments (n ≥ 100 cells), \*P \< 0.05. (D) IF-FISH detection of γH2AX foci in control and BRM-depleted HeLa cells. (E) Quantification of (D). Data represent the mean ± SEM of three independent experiments (n ≥ 100 cells), \*\*P \< 0.01, \*\*\*P \< 0.001. (F) Western blot showing ATM activation in BRM-depleted VA13 cells. (G) Western blot showing ATM activation in BRM-depleted HeLa cells.](pgen.1008799.g002){#pgen.1008799.g002}

However, we observed that BRM-depleted VA13 and HeLa cells displayed a significant increase in telomere dysfunction-induced foci (TIFs), which are manifested by γH2AX foci colocalizing with telomeres ([Fig 2B--2E](#pgen.1008799.g002){ref-type="fig"}). Ataxia telangiectasia mutated (ATM) is a main sensor of DNA damage response (DDR), which responses to DNA double-stranded breaks and is activated by dysfunctional telomeres \[[@pgen.1008799.ref018], [@pgen.1008799.ref019]\]. In line with this, we observed activation of ATM (p-ATM) in BRM-deficient VA13 and HeLa cells ([Fig 2F and 2G](#pgen.1008799.g002){ref-type="fig"}). These data supported the idea that BRM depletion results in dysfunctional telomeres that activates ATM-mediated DDR.

BRM is required for telomeres capping and replication {#sec005}
-----------------------------------------------------

To further explore how BRM deficiency affects chromosome end protection by telomeres, quantitative fluorescence in situ hybridization (q-FISH) was performed in BRM-depleted VA13 cells. While no change of telomere length upon BRM depletion was observed ([Fig 3A and 3B](#pgen.1008799.g003){ref-type="fig"}), there was a significant increase of both telomere loss and chromosome end-end fusion in BRM depleted cells ([Fig 3A, 3C and 3D](#pgen.1008799.g003){ref-type="fig"}). In together with appearance of TIF and ATM activation, these phenomena allowed us to conclude that BRM deficiency leads to telomere uncapping \[[@pgen.1008799.ref002]\].

![Telomeres uncapping, telomere replication defect and fragile telomeres induced by BRM depletion.\
(A) Metaphase telomere FISH detection of telomere loss and fusion or multiple telomeres signals at ends of chromosomes. Control or BRM-depleted VA13 cells were treated with nocodazole for 6 h, and subjected to FISH. (B) Q-FISH assay to determine telomere length of control and BRM-depleted VA13 cells. Number of telomeres analyzed (n) is indicated in figures, red bar indicated the average length of telomeres. (C) Quantification of (A). The percentage of chromosomes with one or more telomere-free ends was calculated. Data represent the mean ± SEM of three independent experiments, \*\*\*P \< 0.001, \*\*\*\*P \< 0.0001. (D) Quantification of (A). The percentage of chromosomes with fusion was calculated. Data represent the mean ± SEM of three independent experiments, \*\*P \< 0.001. (E) Quantification of (A). The percentage of fragile telomeres was calculated. Data represent the mean ± SEM of three independent experiments, \*\*P \< 0.001. (F) IF-FISH detection of PCNA foci in control and BRM-depleted VA13 cells. (G) Quantification of (F). Data represent the mean ± SEM of three independent experiments (n ≥ 100 cells), \*P \< 0.05, \*\*P \< 0.01. (H) IF-FISH detection of RPA1 foci in control and BRM-depleted VA13 cells. (I) Quantification of (H). Data represent the mean ± SEM of three independent experiments (n ≥ 100 cells), \*\*P \< 0.01, \*\*\*P \< 0.001.](pgen.1008799.g003){#pgen.1008799.g003}

In addition, increased number of fragile telomeres was also observed in BRM-depleted cells ([Fig 3A and 3E](#pgen.1008799.g003){ref-type="fig"}), indicating replication problem in telomeres. It has been reported that replication stress leads to accumulation of PCNA and RPA in stalled replication forks \[[@pgen.1008799.ref020], [@pgen.1008799.ref021]\], forming foci that can be detected by immunofluorescence (IF) and FISH. Indeed, we observed significantly increased PCNA and RPA foci in BRM-depleted cells, which are mostly colocalized with telomeres ([Fig 3F--3I](#pgen.1008799.g003){ref-type="fig"}). These results strongly suggested that BRM deficiency induces replication defect at telomeres.

BRM deficiency leads to TRF2 and TRF1-free telomeres {#sec006}
----------------------------------------------------

Given the fact that telomere uncapping and telomere replication defect is highly associated with TRF2 and TRF1, respectively \[[@pgen.1008799.ref006], [@pgen.1008799.ref019], [@pgen.1008799.ref022]\], and that BRM-SWI/SNF complex can regulate gene transcription by remodeling its local chromatin \[[@pgen.1008799.ref012]\], it is speculated BRM may affect end protection and telomere replication by regulating TRF2 and TRF1 expression. To test this hypothesis, we examined a total amount of cellular TRF2/TRF1 and TRF2/TRF1 associating with telomeres in control and BRM-depleted cells. The result showed that depletion of BRM results in significant decrease of cellular TRF2 and TRF1 protein level ([Fig 4A and 4E](#pgen.1008799.g004){ref-type="fig"}). In addition, the number of TRF2 and TRF1 foci in nucleus significantly decreased ([Fig 4B, 4F, 4C and 4G](#pgen.1008799.g004){ref-type="fig"}). Accordingly, we observed that TRF2-free and TRF1-free telomeres have increased by nearly three folds in BRM-depleted cells as compared to control ([Fig 4D and 4H](#pgen.1008799.g004){ref-type="fig"}). Consistently, TRF2 and TRF1-ChIP coupled with slot blot using telomeric probe revealed decreased amount of telomeric DNA precipitated by TRF2 and TRF1, demonstrating decreased number of two proteins associating with telomeres ([Fig 4I and 4J](#pgen.1008799.g004){ref-type="fig"}).

![BRM deficiency leads to TRF2 and TRF1-free telomeres.\
(A) Western blot analysis of the protein level of TRF2 in control and BRM-depleted VA13 cells. (B) IF-FISH detection of TRF2 foci in control and BRM-depleted VA13 cells. (C) Quantification of (B). Average number of TRF2 foci in cells was calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*\*\*P \< 0.0001. (D) Quantification of (B). Percentage of telomeres lacking detectable TRF2 was calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*\*P \<0.001. (E) Western blot analysis of the protein level of TRF1 in control and BRM-depleted VA13 cells. (F) IF-FISH detection of TRF1 foci in control and BRM-depleted VA13 cells. (G) Quantification of (F). Average number of TRF1 foci in cells was calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*\*P \<0.001. (H) Quantification of (F). Percentage of telomeres lacking detectable TRF1 was calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*\*P \<0.001, \*\*\*\*P \< 0.0001. (I) ChIP coupled with slot blot to determine telomeric DNA occupied by TRF2 and TRF1 in control and BRM-depleted VA13 cells. (J) Quantification of (I). Data represent the mean ± SEM of three independent experiments, \*P \< 0.05, \*\*P \< 0.01.](pgen.1008799.g004){#pgen.1008799.g004}

To test if genome instability observed in BRM-depleted cells is induced by TRF2 and TRF1 deficiency, TRF2 and TRF1 were knocked down in VA13 cells. Interestingly, we observed that depletion of TRF2 alone does not lead to increase of chromosome end fusion, however, concurrent depletion of TRF2 and TRF1 significantly increases the frequency of end fusion ([S2 Fig](#pgen.1008799.s002){ref-type="supplementary-material"}), similar to that observed in BRM-depleted cells ([Fig 3A and 3D](#pgen.1008799.g003){ref-type="fig"}).

BRM associates with TRF1 and TRF2 gene promoters and enhances their transcription {#sec007}
---------------------------------------------------------------------------------

As a chromatin remodeling machinery, BRM-SWI/SNF complex associates with genome. To examine a potential association of BRM with TRF2 or TRF1 gene, we re-analyzed published whole-genome BRM ChIP-seq data \[[@pgen.1008799.ref023]\]. Identified binding peaks and their locus on genome were shown ([Fig 5A](#pgen.1008799.g005){ref-type="fig"}). We observed enrichment of BRM at the region of TRF2 and TRF1 promoters ([Fig 5A](#pgen.1008799.g005){ref-type="fig"}), raising an intriguing possibility that BRM-SWI/SNF complex regulates TRF2 and TRF1 transcription by targeting and remodeling their promoters. We thus performed ChIP assay followed by PCR to demonstrate the interaction between BRM and TRF2 and TRF1's promoters. The results showed that BRM predominantly associates with DNA of TRF2 and TRF1 promoter that is 1 kb upstream of the transcription start site (TSS) ([Fig 5B--5E](#pgen.1008799.g005){ref-type="fig"}).

![BRM promotes TRF2 and TRF1 transcription by targeting their promoters.\
(A) BRM occupancy of TRF2 and TRF1 promotor. Re-analysis of published ChIP-seq data illustrate that identified peaks enrichment at the promoter of TRF2 and TRF1 in HepG2 cells (upon shNS transfection\[[@pgen.1008799.ref023]\]). Promoter region of interest was highlighted in red dotted box. (B) ChIP assay to determine the association between BRM with the promoter of TRF2. (C) Quantification of (B). Data represent the mean ± SEM of three independent experiments. (D) ChIP assay to determine the association between BRM with the promoter of TRF1. (E) Quantification of (D). Data represent the mean ± SEM of three independent experiments. (F) Gene expression correlation analysis between BRM (SMARCA2) and TRF2 (TERF2) using GEPIA with GTEx database. (G) Gene expression correlation analysis between BRM (SMARCA2) and TRF1 (TERF1) using GEPIA with GTEx database. (H) q-PCR detection of the mRNA level of TRF2 in control and BRM-depleted VA13 cells. Data represent the mean ± SEM of three independent experiments, \*\*\*\*P \< 0.0001. (I) q-PCR detection of the mRNA level of TRF1 in control and BRM-depleted VA13 cells. Data represent the mean ± SEM of three independent experiments, \*\*\*\*P \< 0.0001.](pgen.1008799.g005){#pgen.1008799.g005}

Moreover, we also tested the correlation between BRM (SMARCA2) and TRF2 (TERF2) or TRF1 (TERF1) in expression using GEPIA (Gene Expression Profiling Interactive Analysis) and GTEx database \[[@pgen.1008799.ref024]\]. By analyzing more than 1000 tissue samples, we found that TRF2 and TRF1 expression is positively correlated to level of BRM (SMARCA2) with p-value close to 0 and R value of 0.65 and 0.8, respectively ([Fig 5F and 5G](#pgen.1008799.g005){ref-type="fig"}). Experimentally, we demonstrated that knockdown of BRM significantly reduced amount of TRF2 and TRF1 transcripts ([Fig 5H and 5I](#pgen.1008799.g005){ref-type="fig"}). To confirm the generality of this finding, BRM regulating the expression of TRF2 and TRF1 had been examined in additional three cell lines (Saos2, HepG2, BJ fibroblast). We found that depletion of BRM significantly decreases mRNA level of TRF2 and TRF1 in all cell lines tested ([S3 Fig](#pgen.1008799.s003){ref-type="supplementary-material"}).

In addition to TRF2 and TRF1, we speculated that BRM may also regulate the expression of other shelterin components. To this end, we examined the expression of POT1, RAP1, TPP1 and TIN2 upon BRM depletion. It was revealed that depletion of BRM leads to limited or no change of RAP1, TPP1 and TIN2 transcripts, but significant decrease of POT1. Western blot demonstrated unchanged protein level of RAP1 and TPP1, but increased POT1 ([S4 Fig](#pgen.1008799.s004){ref-type="supplementary-material"}). Inconsistency between mRNA and protein level of POT1 may be due to translational and/or post-translational regulation that plays a critical role for metabolism of POT1.

Rescue of telomere uncapping and replication defect by compensatory expression of TRF2 or TRF1 {#sec008}
----------------------------------------------------------------------------------------------

If BRM deficiency-induced telomere uncapping and replication defect is caused by lack of TRF2 and TRF1, it is speculated that compensatory expression of TRF2 or TRF1 in BRM-depleted cells would rescue the phenomena. To test it, TIF and telomeric PCNA and RPA foci were re-examined in BRM deficient cells expressing exogenous Flag-TRF2 or TRF1 ([Fig 6A and 6B](#pgen.1008799.g006){ref-type="fig"}). Results showed that exogenous expression of TRF2 reduces the number of γH2AX foci and TIF to background level ([Fig 6C and 6D](#pgen.1008799.g006){ref-type="fig"}). Similarly, exogenous expression of TRF1 reduced telomeric PCNA and RPA1 to the level similar to normal BRM wild-type cells ([Fig 6E--6H](#pgen.1008799.g006){ref-type="fig"}). Therefore, BRM deficiency-induced telomere uncapping and replication defect can be rescued by exogenous expression of TRF2 or TRF1.

![Exogenous expression of TRF2 or TRF1 rescues BRM deficiency-induced telomere uncapping and replication defect.\
(A) Western blot analysis of exogenous and endogenous TRF2 in BRM depleted cells. (B) Western blot analysis of exogenous and endogenous TRF1 in BRM depleted cells. (C) IF-FISH detection of γH2AX foci in control and BRM-depleted VA13 cells with EV or exogenous TRF2 expression. (D) Quantification of (C). Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*P \< 0.01, \*\*\*P \< 0.001. (E) IF-FISH detection of PCNA foci in control and BRM-depleted VA13 cells with EV or exogenous TRF1 expression. (F) Quantification of (E). Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*P \< 0.01. (G) IF-FISH detection of RPA1 foci in control and BRM-depleted VA13 cells with EV or exogenous TRF1 expression. (H) Quantification of (G). Data represent the mean ± SEM of three independent experiments (n ≥ 100), \*\*\*P \< 0.001, \*\*\*\*P \< 0.0001.](pgen.1008799.g006){#pgen.1008799.g006}

Genome instability and cell apoptosis rescued by compensatory expression of TRF2 and TRF1 {#sec009}
-----------------------------------------------------------------------------------------

Rescued telomere capping and replication may re-ensure genome stability and prevent cells from undergoing apoptosis. To test it, micronuclei and cell apoptosis were re-examined in BRM-deficient cells expressing exogenous TRF2 and/or TRF1 ([Fig 7A](#pgen.1008799.g007){ref-type="fig"}). Our results showed that compensatory expression of TRF2 or TRF1 alone can partially, but expression of both TRF2 and TRF1 simultaneously is able to completely rescue micronuclei formation and cell apoptosis induced by BRM depletion ([Fig 7B--7E](#pgen.1008799.g007){ref-type="fig"}). These results indicate that genome instability and resulting apoptosis of BRM-depleted cells is mainly caused by telomere dysfunction induced by deficient TRF2 and TRF1.

![Exogenous expression of TRF2 and TRF1 rescues BRM deficiency-induced genome instability and cell apoptosis.\
(A) Western blot analysis of exogenous TRF2 and TRF1 expression and BRM knockdown efficiency. (B) Detection of micronuclei in control and BRM-depleted VA13 cells with EV or exogenous TRF2 or/and TRF1 expression. (C) Quantification of the micronuclei in (B), the fraction of cells with micronuclei were calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 200 cells), \*\*\*\*P \< 0.0001. (D) FACS analysis of apoptotic cells in control and BRM-depleted VA13 cells with EV or exogenous TRF2 or/and TRF1 expression. (E) Quantification of the apoptotic ratio in (D). Data represent the mean ± SEM of three independent experiments, \*\*\*P \< 0.001, \*\*\*\*P \< 0.0001.](pgen.1008799.g007){#pgen.1008799.g007}

Discussion {#sec010}
==========

For genes that are localized on persistent or temporary heterochromatin, chromatin status play an important role in transcription regulation, because the \"closed\" conformation of chromatin makes promoter region of genes generally inaccessible to transcription factors \[[@pgen.1008799.ref025]\]. Transcriptionally active eukaryotic chromatin, which adopts an "open" conformation, is thus required for transcription factors and machinery to access cognate gene sequences \[[@pgen.1008799.ref026]\]. Chromatin remodeling enzymes such as SWI/SNF complexes are able to alter chromatin status by promoting ATP-dependent change in chromatin structure \[[@pgen.1008799.ref027]\]. SWI/SNF complexes are often recruited to enhancer or promoter region to regulate gene transcription \[[@pgen.1008799.ref028], [@pgen.1008799.ref029]\]. In this study, we showed that BRM-SWI/SNF complex is associated with both TRF2 and TRF1 promoter and depletion of BRM leads to decrease of TRF2 and TRF1 transcripts ([Fig 5](#pgen.1008799.g005){ref-type="fig"}). Therefore, BRM-SWI/SNF promotes TRF2 and TRF1 transcription likely through remodeling cognate chromatin structure to \"open\" conformation. Indeed, by analyzing ATAC-seq profile of TRF1 and TRF2 locus in control and BRM-depleted HAP1 cells (GEO accession: GSE108386) \[[@pgen.1008799.ref030]\], we observed that depletion of BRM leads to reduction of chromatin accessibility at promoter region of TRF1 and TRF2 ([S5 Fig](#pgen.1008799.s005){ref-type="supplementary-material"}).

Within shelterin complex, TRF2 and TRF1 is a concrete protein that directly associates with telomeric DNA, providing the platform for assembly of rest shelterin proteins and other non-shelterin factors \[[@pgen.1008799.ref003]\]. It has been reported that TRF2 and TRF1 are among the most abundant shelterin proteins in human normal and cancer cells \[[@pgen.1008799.ref007]\]. Therefore, the mechanism is required to guarantee the substantial expression of TRF2 and TRF1. Our study showed that BRM-SWI/SNF chromatin remodeling complex is enriched in the promoter region of TRF2 and TRF1, which provides a basis for efficient transcription. This also raised an intriguing possibility that many other identified or unknown factors may coordinate with BRM-SWI/SNF to regulate the transcription of TRF2 and TRF1. Moreover, considering that TRF2 and TRF1 are equally important for end protection and that they exist at 1:1 stoichiometry in shelterin complex, the joint regulation of two gene\'s transcription by BRM-SWI/SNF would be the easiest way to modulate the amount of TRF2 and TRF1 in cells. Maintaining sufficient TRF2 and TRF1 is also important for proliferation and differentiation of embryonic stem (ES) cells \[[@pgen.1008799.ref031]--[@pgen.1008799.ref034]\]. When BRM is depleted in ES (H1) cells by siRNA, we observed mass death of cells (data not shown), indicating that BRM is an essential gene for ES cells survival. It is possible that BRM dictates the fate of ES cells by regulating the expression of TRF2 and TRF1. This is worth further studying.

Mammalian SWI/SNF complexes contain one of two mutually exclusive, but structurally highly related catalytic ATPase subunits, BRM (SMARCA2) or BRG1 (SMARCA4) \[[@pgen.1008799.ref014]\]. It is proposed that BRM and BRG1 may function in a complementary or antagonistic manner \[[@pgen.1008799.ref035]--[@pgen.1008799.ref037]\]. We found that promoters of TRF2 and TRF1 are not occupied by BRG1-SWI/SNF complex and that depletion of BRG1 does not affect the expression of TRF2 and TRF1 ([S6 Fig](#pgen.1008799.s006){ref-type="supplementary-material"}). These results indicated that transcriptional regulation of TRF2 and TRF1 is a unique function of BRM.

Our study also supports previous finding that SWI/SNF complexes are vital to safeguard functional genome \[[@pgen.1008799.ref038]--[@pgen.1008799.ref040]\]. BRM-SWI/SNF remodeling complex has multiple functions including those involving DNA damage repair \[[@pgen.1008799.ref029], [@pgen.1008799.ref041]\]. It has been reported that BRM is required for recruitment of KU70/KU80 to DNA damage sites \[[@pgen.1008799.ref042], [@pgen.1008799.ref043]\]. In addition, BRM promotes the transcription of GTF2H1 that is indispensible for DNA damage repair by NER \[[@pgen.1008799.ref029]\]. Although depletion of BRM may result in deficient DNA damage repair leading to genome instability, our results supported the idea that BRM depletion-induced genome instability is mainly caused by telomere dysfunction due to the lacking of TRF2 and TRF1, because exogenous expression of TRF2 and TRF1 completely rescues genome instability and cell apoptosis ([Fig 7](#pgen.1008799.g007){ref-type="fig"}). This, however, does not exclude the possibility that BRM-SWI/SNF complex may also participate DNA damage repair at telomeres.

Material and methods {#sec011}
====================

Cell culture and plasmids {#sec012}
-------------------------

VA13, HeLa, SaoS2, HepG2, BJ fibroblast, 293T were obtained from Chinese Academy of Sciences of Type Culture Collection and were cultured at 37°C under 5% CO~2~. Cells were grown in DMEM (Gibco) with 10% FBS (Gibco), 100 U/ml penicillin and 1% streptomycin (Gibco).

Full-length human cDNA of TRF2 and TRF1 were obtained from Dr. Zhou Songyang lab, and cloned into pLenti-Dest-EF1a-IRES-puro vector to generate plasmids Flag-TRF2 and Flag-TRF1.

Gene silencing and overexpression {#sec013}
---------------------------------

SiRNA was transfected into target cells using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen), according to the manufacturer's instructions. siRNA against BRM (si-1:5\'-GCUGAGAAACUGUCACCAAATdTdT-3\'; si-2: 5\'-GUCCUGGACCUCCAAGUGUCUdTdT-3\'), TRF1 (5\'-GGACAAGUGUCAUG UUAAAdTdT-3\'), TRF2 (5\'-ACAGAAGCAGUGGUCGAAUCdTdT-3\'), BRG1 (si-1: 5\'-ACAUGCACCAGAUGCACAAdTdT-3\'; si-2: 5\'-GGGUACCCUCAGGACAA CAdTdT-3\') were provided by Suzhou GenePharma Co., Ltd. The scrambled sequence was used as a control. For TRF1, TRF2 stable expression cell lines, lentivirus was packaged in 293T cells using calcium phosphate transfection. Virus supernatants were collected and used to infect target cells. Empty vector was used as a control.

Apoptosis assay {#sec014}
---------------

Cells were transfected with siRNA, after 3 days, cells were collected for apoptosis assay. Cells were co-stained with Annexin-V (FTIC) and PI (Annexin-V/PI apoptosis detection kit, KGA105, KeyGenBioTech) according to manufacturer's instructions. Stained cells were analyzed by FACS Calibur (BD Bioscience) and data were analyzed with FlowJo software.

Micrococcal nuclease assay {#sec015}
--------------------------

Micrococcal nuclease assay was performed as previously described \[[@pgen.1008799.ref044]\]. Briefly, 3 × 10^6^ cells are needed. Cell pellet is suspended in 1 ml buffer A (100 mM NaCl, 10 mM Tris \[pH 7.5\], 3 mM MgCl~2~, 1 mM CaCl~2~, 0.5 mM phenylmethylsulfonyl fluoride, 1 × protease inhibitor cocktail), washed twice with buffer A, and then resuspended in 1 ml buffer A with 0.7% NP-40 to lyse cells. After gently mixing and incubating on ice for 5 min, nuclei were harvested at 2,000 rpm for 5 min and resuspended in 650 μl buffer A without NP-40. Aliquots of 100 μl were digested at 30°C with 5 U Micrococcal nuclease (NEB, M0247S) for 0, 1, 2, 4, 8 min. Reactions were stopped by adding 1 volume of TEES-protK (10 mM Tris-HCl \[pH 7.5\], 10 mM EDTA, 1% SDS, 50 μg/ml proteinase K) and incubating at 37°C for 2 h to overnight. DNA was extracted with phenol-chloroform, precipitated with isopropanol in the presence of 0.3 M sodium acetate \[pH 5.2\], and resuspended in 40 μl TE. Load 20 μl of each DNA sample and run in 1.2% agarose at 3 V/cm about 7 h until BPB shift to about 3 cm above the edge of the gel. The DNA was depurination with 0.2M HCl for about 5min until the BPB bands turn to yellow. Then resin the gel into the denature buffer (1.5 M NaCl, 0.5 M NaOH) for over 30 min. After neutralization (3 M NaCl, 0.5 M Tris-HCl \[pH 7.0\]) for 30 min, transferred DNA to a Hybond-N^+^ membrane overnight. The DNA was UV-cross-linked to the membrane before hybridization with ^32^P-labeled telomere-specific probe.

Re-analysis of public ChIP-seq data and ATAC-seq data {#sec016}
-----------------------------------------------------

Published ChIP-seq data from HepG2 cells upon transfection with shNS (GEO accession: GSE102559) \[[@pgen.1008799.ref023]\] was re-analyzed in this study. ChIP-seq raw data was obtained from the Sequence Read Archive repository (SRA, SRP115303) and uploaded to the Galaxy platform \[[@pgen.1008799.ref045]\]. Reads were aligned to the human genome (hg38) with BWA (Galaxy Version 0.5.9), poor quality alignments and duplicates were subsequently filtered with SAMtools (Galaxy Version 1.9). To visualize ChIP-seq signal density, replicate datasets were merged with SAMtools and further processed using bamcoverage tool (Galaxy Version 3.3.0); resulting bigwig files were visualized using IGV genome browser \[[@pgen.1008799.ref046]\]. Peaks were determined with MACS2 peak caller (Galaxy Version 2 2.1.1.20160309) \[[@pgen.1008799.ref047]\] using the predicted function to estimate fragment size for all datasets and the following analysis parameters Minimum FDR (q-value) cutoff for peak detection 0.05. ATAC-seq data of wild-type and BRM knockout cells (GSE108386) \[[@pgen.1008799.ref030]\] were downloaded from the Sequence Read Archive repository (SRA, SRP127341). Raw reads were mapped to hg19 genome using Bowtie 2 (v2.3.1) \[[@pgen.1008799.ref048]\]. Signal tracks were generated by deepTools (v3.1.3)\[[@pgen.1008799.ref049]\] and normalized as reads per genome coverage.

Chromatin immunoprecipitation {#sec017}
-----------------------------

Cells were cross-linked with 1% formaldehyde for 10 min at room temperature, reflection terminated by 1.25 mM Glycine, and washed twice with cold PBS, resuspended in SDS lysis buffer (50 mM Tris--HCl \[pH 8.0\], 10 mM EDTA, 1% SDS) and sonicated to fragments of 200 bp to 1 kb. The supernatant was pre-cleared with Protein-A/G agarose beads precoated with Escherichia coli genomic DNA. Chromatin immunoprecipitation (ChIP) was carried out overnight at 4°C with primary antibodies against BRM (11966, 1:100 dilution, Cell Signaling Technology), TRF1 (1:200 dilution, GTX77605, Genetex), TRF2 (1:200 dilution, 05--513, Merck) or IgG (Sangon). Beads were washed three times, and eluted with 0.1 M NaHCO~3~ & 1% SDS, followed by reverse cross-linking and phenol-chloroform extraction. DNA fragments were precipitated by ethanol in the presence of NaAc and glycogen. PCR was carried out to identify DNA fragment enriched in complexes. The following primers were used to detect the fragments of TRF2 and TRF1 promoters: TRF2-TSS-forward: 5\'-ATTGCGGCCGGCACATCGGGAACTA-3\'; TRF2-TSS-reverse: 5\'-CGGCCATGATAGAAACAGCGTTCCG-3\'; TRF2-1000-forward: 5\'-CACAGGTCCAGCATGGGATTCACAT-3\'; TRF2-1000-reverse: 5\'-TTGTCCTACCAGCCCCACTAGTCT-3\'; TRF1-TSS-forward: 5\'-GAGCCCTCGAATGCGAGCCAATCG-3\'; TRF1-TSS-reverse: 5\'-CTCGGGGCCGCTGAGGAAACATCC-3\'; TRF1-1000-forward: 5\'-GTGCATAAACGATGTTCAGTGAAT-3\'; TRF1-1000-reverse: 5\'-TTCAAGTTATCCTCCTGCCAAAGT-3\'. Slot blot was used to detect TRF2 and TRF1 precipitated/occupied telomeric DNA with a biotin-labeled telomere-specific probe.

Immunoblotting {#sec018}
--------------

Cells were directly lysed in 2 × SDS loading buffer and boiled for 15min. Proteins were separated by SDS--PAGE, transferred to PVDF membrane, and probed with antibodies specific for p-ATM (p-S1981, 1:5000 dilution, ab81292, Abcam), ATM (1:5000 dilution, ab32420, Abcam), TRF2 (1:2000 dilution, 05--513, Merck), TRF1 (1:1000 dilution, GTX77605, Genetex), POT1 (1:2000 dilution, NB500-176, Novus Biologicals), RAP1 (1:1000 dilution, 5433, Cell Signaling Technology), TPP1 (1:1000 dilution, 14667, Cell Signaling Technology), BRM (1:2000 dilution, ab15597, Abcam), BRG1 (1:2000 dilution, 21634-1-AP, Proteintech) and Flag (1:5000 dilution, F1804, Sigma). β-actin (1:5000 dilution, 66009-1-Ig, Proteintech) antibody was used as a loading control. HRP-conjugated anti-rabbit or anti-mouse (KPL, Inc) were then used.

Quantitative real-time PCR {#sec019}
--------------------------

Total RNA was extracted from cells using RNAiso Plus Reagent (9109, Takara) according to manufacturer's instructions. 1.0 μg of total RNA was reverse-transcribed to cDNA using PrimeScript RT reagent Kit (RR047A, Takara). cDNA was used for real-time PCR using 2 × RealStar Green Fast Mixture (A311-10, GenStar). β-actin was used as internal control for all experiments. The following primers were used for amplification: β-actin-forward: 5\'-CATGTACGTTGCTATCCAGGC-3\'; β-actin-reverse: 5\'-CTCCTTAATGTCACGCACGAT-3\'; TRF2-forward: 5\'-GTACGGGGACTTCAGACAGAT-3\'; TRF2-reverse: 5\'-CGCGACAGACACT GCATAAC-3\'; TRF1-forward: 5\'-AACAGCGCAGAGGCTATTATTC-3\'; TRF1-reverse: 5\'-CCAAGGGTGTAATTCGTTCATCA-3\'; POT1-forward: 5\'-CAGCCAATGCAGTATTTTGACC-3\'; POT1-reverse: 5\'-GGTGCCATCCC ATACCTTTAGAA-3\'; RAP1-forward: 5\'-GCGTCTGGTCAGAGAGCTG-3\'; RAP1-reverse: 5\'-TCAATCCTCCGAGCTACATTCT-3\'; TPP1-forward: 5\'-CCTCCACACGGTGCAAAAATG-3\'; TPP1-reverse: 5\'-CTCTGCTTGTCGG ATGCTCAG-3\'; TIN2-forward: 5\'-ACGCCTTTGTATGGGCCTAAA-3\'; TIN2-reverse: 5\'-AAGTTTCCTGTGCCTCCAAAAT-3\'; BRM-forward: 5\'-AGCGGGAATACAGACTTCAGG-3\'; BRM-reverse: 5\'-AAGTGCTTTTAGTTCCACGGTT-3\'; BRG1-forward: 5\'-AATGCCAAGCAAGATGTCGAT-3\'; BRG1-reverse: 5\'-AATGCCAAGCAAGATGTCGAT-3'.

IF-FISH {#sec020}
-------

Briefly, cells on the coverslip were fixed with 4% paraformaldehyde, then permeabilized with 0.5% Triton X-100 (in 1 × PBS). Cells were incubated overnight at 4°C with primary antibodies against γH2AX (1:200 dilution, 2577, Cell Signaling Technology), PCNA (1:200 dilution, GTX100539, Genetex), RPA1 (1:200 dilution, sc-28304, Santa Cruz), TRF2 (1:200 dilution, 05--513, Merck), or TRF1 (1:50 dilution, GTX77605, Genetex), washed three times with 1 × PBST, and incubated with secondary antibodies (1:2000 dilution, DyLight488-conjugated anti-mouse or anti-rabbit, KPL). Cells were washed three times with 1 × PBST, re-fixed with 4% paraformaldehyde for 30 minutes, dehydrated by ethanol series solution, denatured at 85°C for 5 minutes, and then hybridized with Cy3-labeled (CCCTAA)~3~ PNA probe (Panagene) at 37°C for 4 hours. The cells were washed and mounted with DAPI. Fluorescence was detected and imaged using Zeiss Axion Imager Z1 microscope.

Q-FISH {#sec021}
------

Cells were incubated with 0.5 μg/ml nocodazole (sigma) for 6 h to enrich cells at metaphases. Metaphase-enriched cells were hypotonic treated with 75 mM KCl solution, fixed with methanol∶glacial acetic acid (3:1), and spread onto clean slides. Telomeres were denatured at 85°C for 4 min and hybridized with Cy3-labeled (CCCTAA)~3~ PNA probe (Panagene). Chromosomes were stained with DAPI. Fluorescence from chromosomes and telomeres was digitally imaged on a Zeiss Axion Imager Z1 microscope. For quantitative measurement of telomere length, telomere fluorescence intensity was integrated using the TFL-TELO program.

Statistical analysis {#sec022}
--------------------

Statistical analysis was performed using GraphPad Prism version 7 (GraphPad Software). Data are expressed as the mean ± SEM. Comparisons between groups were made using a 2-tailed unpaired Student's t test. A P value of less than 0.05 was considered statistically significant.

Supporting information {#sec023}
======================

###### BRM depletion leads to significant increase of micronucleus in SaoS2, HepG2 and BJ cells.

\(A\) Western blot showing depletion of BRM in SaoS2, HepG2 and BJ cells by siRNA. (B) Detection of micronuclei in BRM-depleted SaoS2, HepG2 and BJ cells. (C)-(E) Quantification of the micronuclei of SaoS2, HepG2 and BJ cells in (B), the fraction of cells with micronuclei were calculated. Data represent the mean ± SEM of three independent experiments (n ≥ 100 cells), \*\*P \< 0.01, \*\*\*P \< 0.001.

(TIF)

###### 

Click here for additional data file.

###### Depletion of both TRF1 and TRF2 induces chromosome end fusion.

\(A\) Western blot showing depletion of TRF1 and TRF2 in VA13 cells by siRNA. (B) Metaphase telomere FISH detection of chromosome end fusion. Control or TRF1/TRF2-depleted VA13 cells were treated with colchicine for 6 h, and subjected to FISH. (C) Quantification of (B). Data represent the mean ± SEM of three independent experiments, \*P\<0.01.

(TIF)

###### 

Click here for additional data file.

###### Depletion of BRM decreases the mRNA level of TRF2 and TRF1 in HeLa, SaoS2, HepG2 and BJ cells.

(A)-(C) q-PCR determination of the level of TRF2, TRF1 and BRM in HeLa cells transfected with siRNAs. (D)-(F) q-PCR determination of the level of TRF2, TRF1 and BRM in SaoS2 cells transfected with siRNAs. (G)-(I) q-PCR determination of the level of TRF2, TRF1 and BRM in HepG2 cells transfected with siRNAs. (J)-(L) q-PCR determination of the level of TRF2, TRF1 and BRM in BJ cells transfected with siRNAs. Data represent the mean ± SEM of three independent experiments, \*P\<0.05, \*\*P \<0.01, \*\*\*P\<0.001, \*\*\*\*P \< 0.0001.

(TIF)

###### 

Click here for additional data file.

###### Expression regulation of POT1, RAP1, TPP1 and TIN2 by BRM.

\(A\) q-PCR determination of mRNA level of POT1, RAP1, TPP1 and TIN2 in control and BRM-depleted VA13 cells. Data represent the mean ± SEM of three independent experiments, \*P\<0.05, \*\*P \< 0.01, \*\*\*P\<0.001. (B) Western blot showing the protein level of TRF1, TRF2, POT1, RAP1 and TPP1 in control and BRM-depleted VA13 cells.

(TIF)

###### 

Click here for additional data file.

###### Assay for transposase-accessible chromatin sequencing (ATAC-seq) of TRF1 and TRF2 locus in control and BRM-depleted HAP1 cells.

Data are from GEO accession: GSE108386.

(TIF)

###### 

Click here for additional data file.

###### BRG1 does not regulate the expression of TRF2 and TRF1.

\(A\) Re-analysis of TRF2 and TRF1 genes occupied by BRG1. Data are from published BRG1 ChIP-seq in HepG2 cells. (B) Western blot showing depletion of BRG1 in VA13 cells by siRNAs. (C) q-PCR detection of the mRNA level of TRF2 in control and BRG1-depleted VA13 cells. Data represent the mean ± SEM of three independent experiments. (D) q-PCR detection of the mRNA level of TRF1 in control and BRG1-depleted VA13 cells. Data represent the mean ± SEM of three independent experiments.

(TIF)

###### 

Click here for additional data file.
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Dear Dr Zhao,

Thank you very much for submitting your Research Article entitled \'BRM-SWI/SNF Chromatin Remodeling Complex Enables Functional Telomeres by Promoting Co-expression of TRF2 and TRF 1\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important problem, but raised some substantial concerns about the current manuscript. Based on the reviews, we will not be able to accept this version of the manuscript, but we would be willing to review again a much-revised version. We cannot, of course, promise publication at that time.

Should you decide to revise the manuscript for further consideration here, your revisions should address the specific points made by each reviewer. We will also require a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

If you decide to revise the manuscript for further consideration at PLOS Genetics, please aim to resubmit within the next 60 days, unless it will take extra time to address the concerns of the reviewers, in which case we would appreciate an expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments are included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see our [guidelines](http://journals.plos.org/plosgenetics/s/submission-guidelines#loc-materials-and-methods).

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool.  PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, use the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

We are sorry that we cannot be more positive about your manuscript at this stage. Please do not hesitate to contact us if you have any concerns or questions.

Yours sincerely,

Jin-Qiu Zhou

Associate Editor

PLOS Genetics

Gregory Barsh

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: This manuscript described the molecular basis for how BRM-SWI/SNF complex contributes to telomere maintenance. The authors reported that RMB associates with TRF1 and TRF2 promoters and enhances their transcription. BRM knockdown led to reduced TRF1 and TRF2 expression and their occupancy at telomeres. In addition, BRM knockdown caused telomere uncapping, measured by gamma-H2AX foci formation at telomeres and chromosome end-to-end fusions; and telomere replication defects, evident by telomeric PCNA and RPA foci formation and fragile telomeres, which were mitigated by overexpressing TRF1 and TRF2. The work described in this manuscript is novel. The manuscript is well written. The experiments were well designed.

Major comments:

1\. The authors demonstrated that some telomeres are TRF1 and TRF2 free in BRM knockdown cells by IF and FISH experiments. Did the authors quantify telomeric occupancy of TRF1 and TRF2 by ChIPs? Besides TRF1 and TRF2, did BRM deficiency affect other shelterin gene expression? Dr. de Lange laboratory showed that deletion in both TRF1 and TRF2 resulted in shelterin-free telomeres in mice. So Are TRF1- and TRF2-free telomeres bound by other shelterin proteins? It would be interesting to explore these questions in the follow-up studies, if these experiments are outside the scope of what could be accomplished within a timely revision period.

2\. TRF1 and TRF2 overexpression could cause telomere and genome abnormalities, including rapid telomere loss, anaphase bridge, et al. Thus, it is important to show endogenous TRF1 and TRF2 expression in Figure 6A and B to justify TRF1 and TRF2 overexpression levels.

3\. BRM knockdown cells showed increased end-to-end fusion. These cells had about 50% reduction in TRF2 levels (Figure 4). Because end-to-end fusion occurs when most TRF2 molecules are depleted in human cancer cell lines, I wonder are there other mechanisms contributing to the end-to-end fusion phenotype in BRM knockdown cells?

Minor comments:

Figure 5. TS should be TSS.

Page 5-6. "...BRM-SWI/SNF complex plays a role in chromatin end protection by telomeres...". "By telomeres" is confusing.

TIF analysis: Telomere signals are poor. How the authors define gamma-H2AX at telomeric site?

Reviewer \#2: In this manuscript the authors define an essential role for BRM in maintaining telomere function by regulating the expression of TRF1 and TRF2. The experiments are logical and well-done, and the results are convincing that this mechanism is relevant in the two cell lines tested. The major concern is the generality of the phenotype across all cell types. While the correlation between BRM and TRF1 and TRF2 across cell lines is compelling, testing the dependency in additional cell lines would be essential to really support the conclusion. Testing BRM knockdown across a panel of cell lines for a dependency for TRF1/TRF2 transcriptional regulation along with at least one of the assays for genome stability would be sufficient.

Is this a unique function for BRM that cannot be performed by BRG1? While it is clear that these two paralogs have functional differences, the ChIP-Seq data from HepG2 cells used in this manuscript (Raab et al 2017) indicates that BRM sites are also bound by BRG1 and that knockdown of each subunit can (but not necessarily) regulate genes in a similar manner. Does BRG1 knockdown similarly affect TRF1 and TRF2 expression or is this function exclusive to BRM? Based on a quick search, BRG1 expression displays the same correlation with TRF2 or TRF1 in the GTEx database. Why focus on BRM and not BRG1 for this study?

In a related issue, the BRM knockout mouse is reported to be phenotypically normal (although issues with whether or not these mice are actually knockouts have been raised). Could this mean that telomere dysfunction would only be observed upon acute depletion and that BRG1 can compensate in a long-term knockout setting? Can BRM knockout cells be cultured long term? Since many groups are trying to develop ways to specifically target BRM in BRG1 mutant lung cancers, understanding long term ramifications of BRM deletion in cells expressing both BRG1 and BRM is particularly important.

Reviewer \#3: Title: BRM-SWI/SNF Chromatin Remodeling Complex Enables Functional Telomeres by Promoting Co-expression of TRF2 and TRF 1

This paper shows that BRM-SWI/SNF Chromatin Remodeling Complex is important for maintaining telomere function by promoting expression of TRF1 and TRF2. BRM-SWI/SNF complex remodels chromatin and binds to TRF2 and TRF1 promoters to regulate their expression. In contrast, depletion of BRM decreases TRF2 and TRF1

transcripts. The findings are novel and interesting to the field of telomere biology. Excitingly, BRM depletion-induced genome instability is mainly caused by telomere dysfunction due to the lacking of TRF2 and TRF1, and exogenous expression of TRF2 and TRF1 completely rescues genome instability and cell apoptosis. Previously,

the authors revealed that BRG1-SWI/SNF chromatin remodeling complex is engaged in

telomere length maintenance by regulating hTERT expression (15). Does BRG1 SWI/SNF also regulates expression of TERT or TRF1/2? Is BRG1 or BRM function in telomere cell type specific?

Specific comments:

1\) VA13, HeLa, 293T were used for this study. Why these three cell lines were used? The reasons were not given.

2\) Chromatin remodeling complex and telomere regulation are important for embryonic stem cells, so embryonic stem cells could be good model study the function of BRM-SWI/SNF Chromatin Remodeling Complex and TRF1 and TRF2. Does BRM-SWI/SNF regulate TRF2 and TRF1 in embryonic stem cells? or discussed?

3\) Re-analysis of public ChIP-seq data

Published ChIP-seq data from HepG2 cells upon transfection with shNS (GEO accession: GSE102559) (23) was re-analyzed in this study. The biding of the protein by ChIP may differ among cell types. Can the ChIP biding data from HepG2 cells be applied to other three cell types used in this study?

4\) The authors imply that BRM-SWI/SNF remodels chromatin and activates TRF2 and TRF1 expression. But no data is available to show that BRM-SWI/SNF open chromatin at TRF2 and TRF1 promoters or enhancers. It is unknown whether BRM-SWI/SNF opens chromatin at genome-wide. Perhaps ATAC may provide some answers.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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Dear Dr Zhao,

We are pleased to inform you that your manuscript entitled \"BRM-SWI/SNF Chromatin Remodeling Complex Enables Functional Telomeres by Promoting Co-expression of TRF2 and TRF1\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Genetics!

Yours sincerely,

Jin-Qiu Zhou
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PLOS Genetics

Gregory Barsh

Editor-in-Chief

PLOS Genetics
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Comments from the reviewers (if applicable):
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**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: the authors have addressed all my questions.

Reviewer \#2: The authors did an outstanding job of addressing concerns. The manuscript is significantly improved.

Reviewer \#3: The authors have addressed my concerns by additional experiments and data analysis. No more comments.
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